Poly(ADP-ribose) polymerase-1 (PARP-1), when activated by DNA damage, promotes both cell death and inflammation. Here we report that PARP-1 enzymatic activity is directly inhibited by minocycline and other tetracycline derivatives that have previously been shown to have neuroprotective and anti-inflammatory actions. These agents were evaluated by using cortical neuron cultures in which PARP-1 activation was induced by the genotoxic agents N-methyl-N-nitro-N-nitrosoguanidine (MNNG) or 3-morpholinosydnonimine (SIN-1). In both conditions, neuronal death was reduced by >80% either by 10 M 3,4-dihydro-5-[4-(1-piperidinyl)butoxy]-1(2H)-isoquinolinone, an established PARP inhibitor, or by 100 nM minocycline. Neuronal NAD ؉ depletion and poly(ADP-ribose) formation, which are biochemical markers of PARP-1 activation, were also blocked by 100 nM minocycline. A direct, competitive inhibition of PARP-1 by minocycline (K i ‫؍‬ 13.8 ؎ 1.5 nM) was confirmed by using recombinant PARP-1 in a cell-free assay. Comparison of several tetracycline derivatives showed a strong correlation (r 2 ‫؍‬ 0.87) between potency as a PARP-1 inhibitor and potency as a neuroprotective agent during MNNG incubations, with the rank order of potency being minocycline > doxycycline > demeclocycline > chlortetracycline. These compounds are known to have other actions that could contribute their neuroprotective effects, but at far higher concentrations than shown here to inhibit PARP-1. The neuroprotective and antiinflammatory effects of minocycline and other tetracycline derivatives may be attributable to PARP-1 inhibition in some settings.
M
inocycline and other tetracycline derivatives have neuroprotective effects unrelated to their antimicrobial properties (1) . Minocycline can reduce neuronal death after excitotoxicity and ionizing radiation in culture (2, 3) , and in animal models of stroke (1, (3) (4) (5) , Parkinson's disease (6, 7) , Huntington's disease (8) , and amyotrophic lateral sclerosis (9) . The neuroprotective effects of minocycline have been attributed both to reduced inflammation and a direct effect on neuronal survival (2, 3, 5, 9, 10) .
Poly(ADP-ribose) polymerase-1 (PARP-1) plays a key role in neuronal death and survival under stress conditions (11) . PARP-1 is the most abundant of several PARP family members, accounting for Ͼ85% of nuclear PARP activity (11) . When activated by DNA damage, PARP-1 consumes NAD ϩ to form branched poly(ADP-ribose) on target proteins. Poly(ADPribose) formation on histones and enzymes involved in DNA repair appears to facilitate DNA repair by preventing chromatid exchange and by loosening histone wrapping (12, 13) . Poly(ADPribose) formation also has effects on gene transcription through interactions with transcription factors, notably NF-B (14-16), and PARP-1 inhibition or gene deletion attenuates the brain microglial response to cytokines and other triggers (17) (18) (19) . Extensive PARP-1 activation can, in addition, lead to neuronal death through mechanisms linked to NAD ϩ depletion and release of apoptosis inducing factor from the mitochondria (20) (21) (22) . PARP-1 activation is a key mediator of neuronal death during excitotoxicity, ischemia, and oxidative stress, such that PARP-1 gene deletion or pharmacological inhibition can markedly improve neuronal survival in these settings (20, (23) (24) (25) .
The overlap of minocycline and PARP inhibitor effects on cell responses to stress suggests the possibility of a common mode of action. Here we show that minocycline and other tetracycline derivatives block PARP-1-mediated neuronal death in culture by directly inhibiting PARP-1 activity. These results identify a mechanism by which these agents can potently influence neuronal survival.
Results
Minocycline Prevents PARP-1-Mediated Neuron Death. Primary mouse cortical neurons were incubated with N-methyl-NЈ-nitro-N-nitrosoguanidine (MNNG) to induce DNA damage and PARP-1-mediated neuron death. Prior studies have established PARP-1 activation as a key factor mediating neuron death under these conditions (22, 26, 27) . This was confirmed here by near-complete inhibition of MNNG-induced neuronal death with the PARP inhibitors 3, (Fig. 1 A and B) . The IC 50 values for DPQ and PJ34 were 2.1 Ϯ 0.2 M and 6.0 Ϯ 1.6 nM, respectively. Minocycline also reduced MNNG-induced neuronal death, with an IC 50 of 42.0 Ϯ 9.5 nM. Thus, minocycline prevents PARP-1-mediated neuronal death with potency exceeding the second generation PARP inhibitor DPQ (28) , and approaching that of the third-generation PARP inhibitor PJ34 (29) .
PARP-1 activation also mediates cell death induced by peroxynitrite (20, 21, 25) , and we also evaluated the effect of minocycline in cultures treated with the peroxynitrite generator SIN-1 (30, 31) . Like MNNG, SIN-1-induced neuronal death was blocked by minocycline with potency intermediate between DPQ and PJ34 (Fig. 1C) . Treatment with maximally effective concentrations of DPQ and minocycline together had no additive effect on neuron survival (Fig. 1D) , suggesting that minocycline acts along the same cell death pathway as the PARP inhibitors.
Minocycline Inhibits PARP-1 Activity in Neurons. Effects of minocycline on neuronal PARP-1 activity were evaluated by measuring poly(ADP-ribose) formation and NAD ϩ consumption. PAR accumulation was evident in almost all neuronal nuclei after incubation with MNNG ( Fig. 2A) . This accumulation was nearly completely suppressed by minocycline, as well as by DPQ and PJ34. These results were corroborated by Western blots of PAR formation in the neuron cultures, prepared with a different antibody ( Fig. 2 B and C) . Of note, the Western blots showed PAR formation below basal levels in the presence of 25 M DPQ or 100 nM minocycline, consistent with prior reports of significant basal PARP activity in neuron cultures (32) . In parallel studies, NAD ϩ consumption by PARP-1 was evaluated by measuring NAD ϩ in neuronal cultures treated with MNNG. Incubation with 75 M MNNG for 30 min reduced neuronal NAD ϩ levels by Ϸ70% (Fig. 2D ). Minocycline attenuated the NAD ϩ depletion in a dose-dependent manner, with maximal efficacy observed at 100 nM. This effect was comparable to that achieved with a maximally effective concentration of DPQ (25 M) . To exclude the possibility that minocycline was acting by blocking the DNA damage induced by MNNG, DNA-polymerase I-mediated biotin-dATP nick translation (PANT) was used to identify neurons with extensive single-strand DNA breaks. MNNG produced a severalfold increase in PANT-stained cells, and this increase was not attenuated by minocycline or by DPQ (Fig. 2 E) .
Minocycline Directly Inhibits PARP-1 Enzyme Activity in Cell-Free
Assay. The observed effects of minocycline on poly(ADP-ribose) formation, NAD ϩ consumption, and PARP-1-mediated cell death could result from either direct or indirect effects on PARP-1 enzymatic activity in neurons. The possibility of direct inhibition was evaluated by using recombinant PARP-1 in a cell-free assay. As expected, PARP-1 activity was markedly reduced by DPQ and PJ34 (Fig. 3A) . Minocycline likewise showed a dose-dependent effect on PARP-1 activity, producing a 74.4 Ϯ 8.5% inhibition at the maximally neuroprotective dose (100 nM). Higher concentrations of minocycline produced no further reduction in PARP activity (data not shown). We additionally examined the effect of minocycline on PARP-1 enzyme activity at varying NAD ϩ concentrations (Fig.  3B) . A double-reciprocal (Lineweaver-Burke) plot of these data (Fig. 3C) showed the inhibition to be competitive with respect to NAD ϩ , and a Dixon plot (Fig. 3D ) gave a K i value of 13.8 Ϯ 1.5 nM.
Doxycycline and other tetracycline derivatives have also been shown to have cytoprotective properties, although with somewhat lower potency than minocycline (1, 2, 33) . Therefore, we examined four tetracycline derivatives to determine whether there might be a general relationship between their capacity as neuroprotective agents during genotoxic stress and their capacity to inhibit PARP-1 enzymatic activity. Tetracycline itself was neurotoxic at 5 M and had no neuroprotective effects at concentrations lower than this (data not shown); however, each of the other four compounds examined prevented MNNGinduced neuronal death with efficacy equal to or approaching that of the PARP inhibitor DPQ (Fig. 4A) . The rank order of potencies for these compounds was minocycline Ͼ doxycycline Ͼ demeclocycline Ͼ chlortetracycline. We then examined each of these compounds with respect to their potency as inhibitors of recombinant PARP-1 in a cell-free assay. The same rank order was observed (Fig. 4B) , and a scatter-plot analysis showed a good correlation (r 2 ϭ 0.87) between these two measures (Fig. 4C ).
Discussion
These results identify a potent mechanism of minocycline neuroprotection. Using primary cultures, we first established that minocycline can protect neurons against PARP-1-mediated toxicity at submicromolar concentrations. Second, we verified the inhibitory effects of minocycline on biochemical markers of PARP-1 activation in the neuron cultures, and found that minocycline was again a highly potent inhibitor. Third, we identified a direct inhibitory effect of minocycline on PARP-1 at submicromolar concentrations in a cell-free assay. Comparison with other tetracycline derivatives suggested a general correlation between the potency of these agents as PARP-1 inhibitors and as neuroprotective agents in the setting of genotoxic stress.
The kinetic studies of PARP-1 inhibition suggest a competitive interaction between minocycline and NAD ϩ . However, a maximal effect of minocycline was obtained at 100 nM, with higher concentrations having no further inhibitor effect. This could result from secondary interactions between minocycline (or minocycline byproducts) and the histones or DNA that are also present in the reaction mixture, but our studies do not provide a clear explanation for this finding. It is notable, however, that NAD ϩ and minocycline share a carboxamide and aromatic ring structure (Fig. 5) . A common structural feature of competitive PARP inhibitors is a carboxamide group attached to an aromatic ring or the carbamoyl group built in a polyaromatic heterocyclic skeleton (34) . This structure is also present in each of the tetracycline derivatives with demonstrated PARP-1 inhibitory activity.
Minocycline has been reported to have several other effects that could contribute to improved cell survival, but at far higher concentrations than shown here to inhibit PARP-1. These effects include up-regulation of mitochondrial bcl-2 expression at 2 M minocycline (35); reduced mitochondrial calcium uptake, calci- um-induced mitochondrial swelling, calcium-induced cytochrome-C release, and mitochondrial permeability transition at 10-100 M (9, 36, 37); direct scavenging of reactive oxygen species at 3-100 M (10); and inhibition of mitogen activated protein kinases at 10-100 M minocycline (38, 39) . By comparison, we found minocycline to block PARP-1-mediated neuron death at 10-100 nM in the present studies. Thus, under conditions causing PARP-1-mediated cell death, the primary mechanism of minocycline neuroprotection is likely to be PARP-1 inhibition. However, these results do not exclude the possibility that other effects of minocycline may also contribute to cell survival, particularly under conditions where cell death is not mediated primarily by PARP-1 activation.
In addition to direct effects on neuron survival, minocycline has also been shown to inhibit microglial proliferation, morphological changes, and secretory activity induced by excitotoxicity or brain ischemia (1, 4, 40, 41) . These effects have been reported with minocycline concentrations of 20 nM in cell culture (40, 41) . Our present studies may also be relevant to these antiinflammatory effects of minocycline, because microglial activation requires PARP-1 as a coactivator of NF-B (14-17), and is blocked by PARP inhibitors and by PARP-1 gene deletion (18, 19, 42) . Because minocycline and the other tetracycline derivatives are potent inhibitors of PARP-1, this suggests a mechanism by which these agents may exert both neuroprotective and antiinflammatory effects.
Materials and Methods
Cell culture reagents were purchased from CellGro and all other reagents were purchased from Sigma unless otherwise noted.
Neuron Cultures. Cortical neurons were prepared from embryonic day-16 Swiss-Webster mice as described (21) , under a protocol approved by the San Francisco Veterans Affaris Medical Center animal studies committee. In brief, mouse cortices were isolated, freed of meninges, dissociated with papain͞DNase͞trituration, and plated onto poly(D lysine)-coated glass coverslips or 24-well cell culture plates (BD Biosciences). After 1 day in culture, 10 M cytosine arabinoside was added for 24 h to prevent glial proliferation. This medium was replaced with glial-conditioned media consisting of Eagle's MEM supplemented with 10% FBS and 2 mM glutamine that had been incubated with an cortical mouse astrocytes for 48-72 h. Culture medium was exchanged twice per week, and cultures were used at 7-10 days in vitro, at which time they contained Ͻ5% nonneuronal cells.
Drug Incubations. Experiments were initiated by replacing the culture medium with artificial cerebrospinal f luid (aCSF) containing 3.1 mM KCl, 134 mM NaCl, 1.2 mM CaCl 2 , 1.2 mM MgSO 4 , 0.25 mM KH 2 PO4, 15.7 mM NaHCO 3 , and 2 mM glucose (pH 7.25) equilibrated with 5% CO 2 at 37°C. Osmolarity was adjusted to 290 -300 mOsm monitored with a vapor pressure osmometer. Drugs were added from concentrated stocks prepared in aCSF immediately before use and adjusted to pH 7.2 when necessary. Exposures to MNNG or SIN-1 were performed at 37°C in a 5% CO 2 atmosphere. DPQ (Calbiochem), PJ34 (Inotek), and tetracycline derivatives were added 10 min before the addition of MNNG or SIN-1. Incubations were terminated by washing and complete medium exchange with fresh aCSF containing DPQ, JP34, or minocycline at the same concentrations that were present during the MNNG or SIN-1 incubations.
Neuronal Death. Neuronal death was assessed 20 -24 h after the MNNG or SIN-1 incubations by the propidium iodide method (26) in which f luorescent propidium iodide enters cells with disrupted plasma membranes and binds to DNA. Nonf luorescent (live) neurons and f luorescent (dead) neurons were counted in four random fields per well, totaling at least 300 neurons per well. In some studies, neuron death was also evaluated by the lactate dehydrogenase method (43) , in which the lactate dehydrogenase release corresponding to 100% neuron death was established by using prolonged MNNG incubations. The two methods gave essentially identical results.
NAD ؉ Measurements. NAD ϩ was assayed by using an enzymatic recycling assay (44, 45) and normalized to total protein as measured by the bicinchonic acid method and BSA standards.
Immunocytochemistry. Neurons on coverslips were fixed in trichloroacetic acid and ethanol as described (21) . The fixed cells were incubated with rabbit antibody to poly(ADP-ribose) (Trevigen) at 1:2,000 dilution, followed by incubation with fluorescent anti-rabbit IgG (Molecular Probes). Nuclei were counterstained with propidium iodide, and photomicrographs were prepared with a confocal microscope.
PARP-1 Enzymatic Activity Assay. Activity of recombinant PARP-1 was measured as described (46, 47) . In brief, the reaction mixture contained 50 mM Tris⅐HCl (pH 8.0), 10 mM MgCl 2 , 10 mM DTT, 10% glycerol, 25 g͞ml calf thymus DNA, 25 g͞ml histones, 210 M NAD ϩ , 25 pCi 14 C-NAD ϩ (248 mCi͞mmol, Amersham Pharmacia), 4 units of purified recombinant PARP-1 (Trevigen), and tetracycline derivatives or PARP inhibitors at the designated concentrations. For Lineweaver-Burke analysis, the NAD ϩ concentrations were varied between 10 -200 M. After 75-min incubations, the reactions were terminated with trichloroacetic acid and the precipitated, protein-bound poly(ADP-ribose) was quantified by measurement of retained 14 C.
PANT Assay for DNA Damage. The PANT method was used to detect neurons with single strand DNA breaks, as described (48). Statistics. Data are means Ϯ SEM. Results were assessed by analysis of variance followed by the Student-Newman-Keuls post hoc test. The mean and SEM EC 50 values were calculated by interpolation of the concentration-response curve resulting from each experiment using SIGMAPLOT (Systat), with each full curve considered an ''n'' of 1.
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